ABSTRACT: Food webs are often regulated by the bottom-up effects of resource supply rate. However, heterogeneity within a resource pool may also affect the structure and function of communities. To test this hypothesis, we measured the responses of aquatic microbial food webs in experimental mesocosms to the addition of 4 different phosphorus (P) sources: orthophosphate (PO 4 3− ), 2-aminoethylphosphonate (AEP), adenosine triphosphate (ATP), and phytic acid (PA). Based on 16S rRNA gene sequencing, we found that P resource heterogeneity altered community assembly for bacteria and eukaryotic algae, suggesting that these microbial functional groups may be comprised of P-specialists. In contrast, cyanobacteria were relatively unaffected by our treatments, suggesting that these microorganisms may adopt a more generalist strategy for Pacquisition. Furthermore, our results revealed that P resource heterogeneity affected food web and ecosystem attributes such as nutrient concentrations, bacterial productivity, algal biomass, and ecosystem respiration. Lastly, we found no evidence for non-additive effects of resource heterogeneity based on a treatment where a set of mesocosms received all 4 sources of P. Instead, our results support the view that there may be non-substitutable classes of P in aquatic ecosystems. Specifically, microbial food webs were more sensitive to P-containing biomolecules (PO 4 3− and ATP) than P-containing structural or storage molecules (AEP and PA). Our results demonstrate that not all P resources are the same; although historically overlooked, P resource heterogeneity may have important implications for understanding and predicting the structure and function of aquatic communities.
INTRODUCTION
Resource limitation has strong bottom-up effects on the structure and function of ecosystems. It is well established that the concentration of growth-limiting resources can influence population abundances, species interactions, food web dynamics, and ecosystem productivity (Oksanen et al. 1981 , Carpenter et al. 2001 . However, variation within a given resource pool can also have profound effects on a range of ecological processes (Tylianakis et al. 2008 , Kominoski et al. 2009 ). Resources exist in multiple forms, and many species have evolved the capacity to partition this heterogeneity (Schoener 1974 , Finke & Snyder 2008 . For example, some terrestrial plants can meet their nitrogen demands through the uptake of ammonium, nitrate, and amino acids (McKane et al. 2002) , while phytoplankton species absorb different wavelengths of the light spectrum to meet their photo synthetic needs (Stomp et al. 2004) . Ultimately, resource heterogeneity provides an opportunity for ecological specialization, which has implications for competitive interactions and species coexistence (Wilson & Yoshimura 1994 have explored the degree to which resource heterogeneity affects the assembly and functioning of microbial communities. Phosphorus (P) is a limiting resource in many ecosystems, especially aquatic habitats (Elser et al. 2007) . It is an essential element that is required for synthesizing ribosomes, DNA, and cell membranes. Similar to other resources, P exists in various forms. The most biologically available form of P is orthophosphate (PO 4 3− ). However, because it is in high demand, PO 4 3− is only found at trace concentrations in most aquatic ecosystems (Hudson et al. 2000) . Instead, most P is contained in organic molecules such as oxidized phosphate esters or reduced phosphonates (Turner et al. 2005 , White & Metcalf 2007 . Some of these P-containing molecules are common cellular components, such as phospholipids, nucleic acids, and nucleosides, which have relatively rapid turnover rates (Løvdal et al. 2007 ). Other P-containing molecules in the environment are complex structural or storage compounds (e.g. teichoic acids, phytates, and phosphonates) that are more resistant to degradation (Ternan et al. 1998 , Heath 2005 .
Microorganisms vary in their ability to use different forms of P. Most microbes can readily transport PO 4 3− across their cell membranes. However, in response to long-term P-limitation, some microorganisms have evolved various P-acquisition strategies, which include: (1) induction of high affinity receptors to increase PO 4 3− transport (Makino et al. 1989) ; (2) degradation of organic P esters via the production alkaline phosphatases, lipases, and nucleases (Lennon 2007 , Luo et al. 2009 ); (3) luxury uptake and storage of P as poly phosphates (Orchard et al. 2010) ; and (4) cleavage of the C-P bonds found in phosphonates via hydrolases and lyases (Villarreal-Chiu et al. 2012) . Based on genomic and metagenomic surveys, it appears that these alternative P-acquisition strategies are prevalent in aquatic ecosystems (Luo et al. 2009 , Coleman & Chisholm 2010 . However, the distribution of these traits among microbial taxa is unresolved. In some cases, P-acquisition traits appear to have broad phylogenetic distributions (Newton et al. 2010) . In other cases, the presence or absence of Prelated genes can vary within a single group of bacteria (Martiny et al. 2009 ). Given that P-limitation is common in aquatic habitats, it is possible that many microorganisms are generalists and possess a suite of P-acquisition strategies. If true, we might expect that aquatic microbial communities are insensitive to P resource heterogeneity. Alternatively, if P-acquisition genes are non-randomly distributed among specialized taxa or if P-acquisition strategies differentially affect community performance, then P resource heterogeneity may influence the diversity, assembly, and function of microbial communities.
In the present study, we explored the effects of P resource heterogeneity on microbial community assembly, food web attributes, and ecosystem processes. Despite the fact that aquatic ecosystems receive a diversity of P molecules (Cade-Menun 2005) , most studies to date have restricted their focus to a single form of this resource, PO 4 3− . Using experimental mesocosms, we supplied replicate aquatic food webs with 4 distinct P-containing molecules: ortho phosphate (PO 4 3− ), 2-amino ethyl phosphonate (AEP), adenosine tri phosphate (ATP), and phytic acid (PA). We tested the hypothesis that, owing to ecological specialization, distinct bacterial and algal communities would develop in re sponse to different P sources. We also tested the hypothesis that P resource heterogeneity would affect food web structure (algal biomass and zooplankton abundance) and ecosystem processes (microbial and ecosystem metabolism). To address these hypotheses, we used a multiple model selection approach to compare a priori groupings of the different P resources. Lastly, facilitation or interference among substitutable resources can have non-additive effects on ecological processes (Tilman 1980) . We tested this hypothesis by quantifying community and functional responses to a mixture of multiple P sources.
MATERIALS AND METHODS

Experimental design
Mesocosm experiment. To test how P resource hetero geneity affects planktonic ecosystems, we set up a one-factor, randomized mesocosm study at the Michigan State University W. K. Kellogg Biological Station Experimental Pond Facility in Hickory Corners, Michigan, USA. We filled 24 mesocosms (300 l cattle tanks) with ground water from a nearby well on 14 July 2011. After a 1 wk equilibration period, we inoculated each mesocosm with a mixture of bacteria, phytoplankton, and zooplankton from 2 nearby lakes: eutrophic Wintergreen Lake and oligotrophic Little Long Lake. We then randomly assigned replicate mesocosms (n = 4) to 1 of 6 treatments. One set of mesocosms received no added P and served as a control. The second set of mesocosms received one of the following P sources: orthophosphate (PO 4 3− , added as KH 2 PO 4 ), 2-aminoethylphosphonate (AEP), adenosine triphosphate (ATP), or phytic acid (PA). Lastly, to test for non-additive effects of P resource heterogeneity, we created a mixture treatment that consisted of equal molar ratios of each P source (i.e. PO 4 3− , AEP, ATP, and PA). We selected these P sources based on a previous study, which documented divergent patterns in P use by different groups of freshwater bacteria (Bird 2012) . In addition, the P sources used in the present study capture a gradient in structural complexity (as determined by Bertz chemical complexity) and energy content (as determined by Gibbs free energy of formation, Δ f G) (Fig. 1, Table 1 ). With the exception of the controls, we added enough P at the beginning of the experiment (Day 0) to raise the total P (TP) concentration in each mesocosm to 1 µmol l −1
. We also added inorganic nitrogen (N) as an equal molar mix of NaNO 3 and NH 4 Cl to achieve a target N:P molar ratio of approximately 40:1. Following these initial additions, we added N and P every other day assuming a 5% loss d −1 (Lennon et al. 2003) . Sampling. We sampled the mesocosms twice during the experiment. The first sampling occurred on Day 11 and was intended to capture the initial responses of faster growing microorganisms. The second sampling was conducted on Day 28, and was used to assess the response of slower growing zooplankton, as well as ecosystem processes. Samples were obtained with a 1 m depth-integrated sampler at the center of each mesocosm, transferred into 1 l acid washed bottles, and stored on ice while being transported to the laboratory for processing.
Nutrient chemistry. We measured the concentrations of TP, total nitrogen (TN), and dissolved organic carbon (DOC) in each mesocosm sample. TP was measured on unfiltered samples spectro photometrically using the ammonium molybdate method following oxidation by persulfate digestion (Wetzel & Likens 2000) . TN (NO x + NH 4 ) was measured on unfiltered water samples using an Alpkem Model 3550 Flow Analyzer with cadmium coil (OI Analytical) following oxidation by persulfate digestion. DOC was measured by oxidation and non-dispersive infrared detection on 0.7 µm-filtered (Whatman, GF/F) samples using a Shimadzu TOC-V carbon analyzer.
Microbial composition
Community sequencing. We tested for the effect of P resource heterogeneity on the composition and diversity of aquatic microorganisms using 16S rRNA gene sequencing. We collected planktonic biomass on 47 mm 0.2 µm Supor Filters (Pall) using vacuum filtration. We extracted DNA from the filters using the FastDNA Spin Kit (MP Biomedicals) and cleaned the extracts via ethanol precipitation. We amplified the 16S rRNA genes using barcoded primers designed for the 261 Fig. 1 . Chemical structures of the phosphorus (P) resources used in our experimental mesocosm study. See Table 1 (Caporaso et al. 2012) . Amplicons were sequenced using 250 × 250 paired-end sequencing on an Illumina MiSeq at the Indiana University Center for Genomics and Bioinformatics. Paired-end raw 16S rRNA sequences reads were assembled into contigs using the Needleman algorithm (Needleman & Wunsch 1970) . After quality trimming with a moving average quality score (window 50 bp, minimum quality score 35), we aligned our sequences to the Silva Database v. 102 (Yilmaz et al. 2014 ) using the Needleman algorithm. Finally, chimeric sequences were detected and removed using the UCHIME algorithm (Edgar et al. 2011) . All initial sequence processing was completed using the software package mothur v. 1.31.2 (Schloss et al. 2009 ). Functional groups. We separated sequences into 3 functional groups based on 16S rRNA sequence identity: bacteria (non-cyanobacterial), cyanobacteria, and eukaryotic algae (classified via choloroplasts, see Eiler et al. 2013) . We determined 16S rRNA sequence identity using the Ribosomal Database Project's 16S rRNA reference sequences and taxonomy version 7 (Cole et al. 2009 ). Unwanted sequences such as mitochondria, archaea, and other unclassifiable sequences were removed. We then clustered sequences for each group into operational taxonomic units (OTUs) using average neighbor linkage distance and 97% sequence similarity. All sequence classification and clustering was completed using the software package mothur. Diversity estimation. We estimated taxon richness and taxon evenness in each mesocosm for the 3 microbial functional groups. For richness, we used a resampling approach that subsampled an equal number of sequence observations per mesocosm. We calculated richness by summing the number of taxa (OTUs) represented. We subsampled to 10 000 observations for bacteria and cyanobacteria and to 100 observations for eukaryotic algae. We then resampled 999 additional times and calculated the average richness estimates (± SE) for each mesocosm. Second, using the same resampling approach, we estimated taxa evenness using Pielou's evenness (Pielou 1969) . All of the diversity estimations were performed in the R statistical environment v. 3.0.2 (R Core Development Team 2012) .
Food web and ecosystem responses
Bacterial metabolism. We assessed the metabolic responses of bacteria by measuring bacterial productivity (BP), bacterial respiration (BR), and bacterial growth efficiency (BGE). We estimated BP as the uptake and incorporation of 3 H-leucine (50 nmol l −1 final concentration) into bacterial protein using the microcentrifuge method (Smith & Azam 1992) . BR was estimated based upon the rate of dissolved oxygen depletion on 2.7 µm-filtered (Whatman GF/D) samples using an automated optical O 2 system (PreSens SensorDish; Briand et al. 2004) . From this information, we estimated BGE as BP/(BP + BR).
Algal biomass and zooplankton abundance. We measured algal biomass and zooplankton abundance to assess food web responses to the P treatments. We estimated algal biomass as the concentration of chlorophyll a measured by cold ethanol extraction of 0.7 µm-filtered (Whatman GF/F) samples using a Turner Biosystems Fluorometer. We sampled zooplankton from each mesocosm using a SchindlerPatalas trap (80 µm net). After preserving the samples in 70% ethanol, we estimated the abundance of cladocerans and copepods by direct counts with a dissecting microscope. We grouped zooplankton into these categories because cladocerans and copepods have different top-down effects on microbial functional groups (Sommer & Sommer 2006 ) and because they have different P requirements (Sterner & Elser 2002) .
Ecosystem processes. We estimated changes in ecosystem respiration (R) among P treatments using a 2-point estimation of oxygen demand from dusk to dawn (Odum 1956 ). In addition, we measured net primary productivity (NPP) based on the difference in gross primary productivity (2-point estimate of oxygen accumulation during daylight) and R, assuming constant rates throughout the day (Odum 1956 ).
Statistical analyses
Microbial compositional responses. To visualize compositional responses to our treatments, we used Principal Coordinates Analysis (PCoA) on Bray-Curtis distance matrices of log-transformed relative OTU abundance data (Anderson et al. 2006) . Then, to test hypothesized differences in microbial composition between P treatments, we used PERMANOVA (Anderson 2001) implemented with the adonis function in the R package 'vegan' v. 2.0-9 (Oksanen et al. 2013) . In cases where we found significant differences between treatments, we used indicator species analysis to determine which OTUs contributed to the community response. All calculations were done in the R statistical environment. Nutrient, food web, and ecosystem responses. To test our hypotheses about nutrient, food web, and ecosystem responses, we used ANOVA, model selection, and deviance tests. First, to test for P-limitation in our experimental system, we used ANOVA to compare treatments and controls for each response variable. Second, to test the hypothesis that P resource heterogeneity influences planktonic community structure and function, we used a model selection approach to compare responses in each P treatment based on 3 resource substitutability models: In organic, Biomolecule, and Complexity (Table 2 ). The Inorganic model predicted that planktonic responses would be determined by whether or not added P resource was in an inorganic or organic form. The Biomolecule model predicted that planktonic responses would be determined by whether or not the added P resource was a biomolecule versus non-biomolecule. The Complexity model predicted that planktonic responses would be determined by complexity of the P resource as determined by Gibbs free energy of formation (results from Bertz Complexity were similar). We used an information criterion metric (Akaike information criterion, AIC) to assess model fit for univariate responses related to diversity (richness and evenness), bacterial metabolism (BP, BR, and BGE), food web responses (algal biomass and zooplankton abundance), and ecosystem processes (NPP and R). Likewise, to determine which model best supported the observed variation in multivariate community composition data, we compared PERMANOVA results (R 2 ) for each treatment according to our resource substitutability models. Finally, we tested for non-additive effects in the mixture treatments. For univariate response variables, we used a deviance model (Loreau 1998 ) to test for non-additive effects of the mixture treatment. This approach identified differences in observed responses in the mixture treatment versus expected responses, based on group means, assuming equal and independent influences of each P resource. We used a t-test to determine if deviances were significantly different from zero. For multivariate data, we tested for non-additivity by comparing community composition in mixture and single source treatments using PERMANOVA.
RESULTS
Nutrient chemistry
Our experimental P manipulations had strong effects on mesocosm nutrient chemistry. As ex pected, P additions elevated TP concentrations across all treatments similarly ( Fig. 2A ; F 1, 22 = 12.2, p = 0.002). TN decreased in all treatments receiving P ( Fig. 2B ; F 1, 22 = 85.5, p < 0.001), but the magnitude of this reduction was dependent on P source. Specifically, mesocosms receiving PA had 44% higher TN than mesocosms receiving other P sources, but these results did not lend support to any of the resource substitutability models relative to the null model where all P resources are different (Table 3) . DOC was not significantly affected by the P treatments ( Fig. 2C ; F 1, 22 = 6.34, p = 0.23). However, relative to the controls, DOC was 70% higher in mesocosms receiving PO 4 3− . In contrast, other treatments had no effect on DOC. Together, these results were best supported by the inorganic resource substitutability model (Table 3) . Lastly, based on our deviance test, we found no evidence for a non-additive effect of the mixture treatment on TP, TN, or DOC (p > 0.10).
Microbial composition
Bacteria
Despite having no effect on richness or evenness (Fig. 3) , P treatments significantly affected bacterial community assembly. Based on PCoA, P treatments separated along the first PCoA axis, which explained 14.6% of the variation in community composition (Fig. 4) . PERMANOVA results confirmed the significance of the ordination trend (R 2 = 0.34, p < 0.001) and supported the biomolecule resource substitutability model (Table 4 ; R 2 = 0.17 p = 0.001). Results from the indicator species analysis suggest that 35% of bacterial sequences belonged to taxa that were associated with a particular P source and that a diverse collection of taxa, 70% of which were members of the Alphaproteobacteria and Betaproteobacteria, were responsible for the compositional pattern. Lastly, we found no evidence for a non-additive effect of the mixture treatment on bacterial community composition (PERMANOVA, R 2 = 0.05, p = 0.47) or richness (p = 0.10). Cyanobacteria P resource heterogeneity had a weak effect on cyanobacterial community composition. There was no obvious separation of communities based on P treatments along the primary or secondary PCoA axes (Fig. 4) . This observation is con sistent with the nonsignificant effect of P resource heterogeneity in our PERMANOVA model (R 2 = 0.26, p = 0.16). Additionally, P treatments had no effect on taxon richness (Fig. 3) , but evenness in mesocosms receiving AEP was 30 to 50% lower than other treatments ( Fig. 3; 
Eukaryotic algae
Despite lower sequence coverage relative to bacteria, we were able to detect that algae were relatively sensitive to the P treatments in our experiment. PCoA re vealed strong separation of P treatments along the primary axis, which explained 34.5% of the variation in composition (Fig. 4) . PERMANOVA re sults confirmed the significance of the ordination trend (R 2 = 0.47, p < 0.001) and supported the biomolecule resource substitutability model (Table 4; (Burnham & Anderson 2004) . 'Chemistry': total phosphorus (TP), total nitrogen (TN), and dissolved organic carbon (DOC); 'Bacterial': bacterial productivity (BP), bacterial respiration (BR), and bacterial growth efficiency (BGE); 'Ecosystem': chlorophyll a (Chl a), cladoceran:copepod ratio (Clad:Cope), ecosystem respiration (R), and net primary productivity (NPP). ns = not significant. AIC values are not reported for non significant models (-) Fig. 3 . Community diversity (richness and evenness) estimates (mean ± SE) for microbial functional groups in each phosphorus (P) treatment. Richness was estimated as total observed taxa in each mesocosm. Evenness was calculated using Pielou's Evenness. Phosphorus treatments: orthophosphate (PO 4 3− ), 2-aminoethylphosphonate (AEP), adenosine triphosphate (ATP), phytic acid (PA), an equal molar ratio of each P source (Mix), and a control without any additional P (Ctrl) sequences belonged to taxa that were associated with a particular P source and that the majority (94%) of these taxa belonged to the Bacilloriophyta (diatoms) and Chlorophyta. We also found significant differences in taxon richness ( Fig. 3 ; F 5,18 = 7.72, p < 0.001) and evenness ( Fig. 3 ; F 5,18 = 8.34, p < 0.001). Specifically, richness and evenness declined by 45 to 65% in mesocosms receiving P in the form of biomolecules (PO 4 3− and ATP), but only by 12 to 25% in mesocosms receiving other P sources. Lastly, we found no evidence for a non-additive effect of the mixture treatment on algal community composition (PERMANOVA, R 2 = 0.09, p = 0.07) or richness (p = 0.17).
Food web and ecosystem responses
Bacterial metabolism
The P manipulations had strong effects on bacterial metabolism. BP increased to the same level in all P treatments relative to the control ( Fig. 2D ; F 1, 22 = 7.58, p = 0.01). Even though there were no significant differences among P treatments, the variation in BP best supported the biomolecule resource substitutability model (Table 3 ). In contrast, BR was relatively constant across all treatments, suggesting that this metabolic process was not P-limited ( Fig. 2E;  F 1 Table 4 . Resource substitutability model selection for multivariate community composition. Model selection was done by comparing permutation multivariate ANOVA (PERMANOVA) models for communities grouped according to our resource substitutability models (see Table 2 ). Comparisons were done only in cases where the overall treatment PERMANOVA was significant. Values are R 2 for PERMANOVA under each resource substitutability model. The model(s) that best explained variation in community composition for each functional group are in bold; ns = not significant; -: indicates that comparisons were not made owing to lack of statistical significance for the PERMANOVA model ), 2-aminoethylphosphonate (AEP), adenosine tri phos phate (ATP), phytic acid (PA), an equal molar ratio of each P source (Mix), and a control without any additional P (Ctrl) ments relative to the control ( Fig. 2F ; F 1, 22 = 5.01, p = 0.04) and was best supported by the inorganic resource substitutability model (Table 3) . Lastly, based on our de viance test, there was no evidence for a non-additive effect of the mixture treatment on BP, BR, or BGE (p > 0.20).
Algal biomass and zooplankton abundance
Phyto plankton biomass (chlorophyll a) increased to the same level in all treatments compared to the control ( Fig. 5A ; assuming unequal variance, F 1, 20 = 16.0, p < 0.001). Regardless, responses of phytoplankton biomass best supported the inorganic re source substitutability model (Table 3 ). In contrast, total zooplankton abundance was not affected by P treatments (F 1, 22 = 1.19, p = 0.29). However, we did find an approximately 2-fold increase in the cladoceran: copepod ratio in all treatments relative to the control ( Fig. 5B; F 1, 22 = 4 .79, p = 0.04). In addition, some treatments (AEP and PA) had a higher average cladoceran:copepod ratio than the other treatments, which best supported the biomolecule resource substitutability model (Table 3) . Lastly, based on our deviance tests for both phytoplankton biomass and zooplankton abundance, we found no evidence for a non-additive effect of the mixture treatment (p > 0.50).
Ecosystem processes
The P treatments had a significant effect on ecosystem processes in the mesocosms. P additions increased ecosystem respiration (R) in all treatments compared to the control ( Fig. 5C ; F 1, 22 = 6.79, p = 0.01), but variation in R supported both the inorganic and biomolecules resource substitutability models equally well (Table 3) . Though there were increases in R in all treatments, P treatments resulted in either slight increases (PO 4 3− , AEP, PA) or no increase (ATP) in net primary productivity (NPP) (Fig. 5D) . Lastly, based on our deviance tests for ecosystem respiration and NPP, we found no evidence for a non-additive effect of the mixture treatment on NPP or R (p > 0.80). 
DISCUSSION
Resources vary in their nutritional quality, chemical characteristics, and physical accessibility to consumers, which has important implications for a wide range of ecological processes. In the present study, we examined how P resource heterogeneity influenced the composition and function of aquatic microbial communities. We found that P resource heterogeneity altered community assembly for bacteria and eukaryotic algae and affected food web and ecosystem attributes such as BP, algal biomass, and ecosystem respiration (R). Together, our results demonstrate that not all P re sources are the same, and that although historically overlooked, P resource heterogeneity may have important implications for understanding and predicting the structure and function of aquatic communities.
Microbial functional group responses
to resource heterogeneity P resource heterogeneity was important for some, but not all, microbial functional groups. It is generally assumed that aquatic bacteria and algae respond differently to P resource supply owing to differences in cell size (Løvdal et al. 2007 , Yoshiyama & Klausmeier 2008 , uptake kinetics (Currie & Kalf 1984 , Jansson 1988 , and the capacity to use diverse P resources (White & Metcalf 2007 , Bird 2012 . For these reasons, we expected that P resource heterogeneity would have different effects on the composition of bacterial and algal communities, but this was not necessarily the case. In our PERMANOVA models, P heterogeneity explained comparable amounts of variation for bacterial and algal communities (31 and 47%, respectively; Table 4 ). In addition, BP and algal biomass (chlorophyll a) responded similarly to P heterogeneity, indicating that shifts in community composition may have translated into functional changes.
The sensitivity of bacterial and algal communities to resource heterogeneity may reflect that these functional groups are specialized in their metabolic capacity to use different forms of P. For example, isolate-based research has demonstrated that aquatic bacteria may specialize on different forms of P (Bird 2012) . Furthermore, other studies have shown that re source specialization affects the assembly and diversity of microbial communities (Gómez-Consarnau et al. 2012 , Johnson et al. 2012 . Our findings lend additional support to the view that bacterial and algal communities may consist of specialist taxa. Specifically, our indicator species analyses revealed that 35% of bacterial sequences and 87% of algal sequences belonged to taxa that were associated with a particular P source. Furthermore, these specialized taxa seem to be restricted to only a few bacterial and algal groups. Together, these results suggest that (1) specialization may be important for the assembly of aquatic microbial communities and (2) Pspecialization may occur in some microbial lineages more so than others.
In contrast to bacteria and algae, we observed that the composition of cyanobacteria was insensitive to P resource heterogeneity (Fig. 4) . This finding suggests that, collectively, cyanobacterial communities may consist of resource generalists that share a common repertoire of P-acquisition strategies. A broad phylogenetic distribution of P genes could arise from horizontal gene transfer, which has been well-documented within cyanobacteria owing to the movement of mobile genomic islands (Coleman et al. 2006 ), viral transduction (Monier et al. 2012) , and the direct uptake of extracellular DNA (Lorenz & Wackernagel 1994) . Alternatively, it is possible that P-acquisition traits were non-randomly distributed among taxa, but that we were unable to detect this signal given the taxonomic resolution of our dataset. For example, functional traits can vary among isolates that arẽ 99% similar to one another based on 16S rRNA gene sequences (Hunt et al. 2008 ). In addition, substantial variation in P-acquisition genes has been documented among marine Prochlorococcus strains isolated from different resource environments (Martiny et al. 2009 ).
Resource heterogeneity affected microbial functioning
In addition to influencing microbial community assembly, P resource heterogeneity affected food web attributes and ecosystem processes. Based on de creases in TN and increases in DOC, it appears that P resource heterogeneity may have consequences for coupled biogeochemical cycles (Burgin et al. 2011 ). In addition, P resource heterogeneity affected BP, algal biomass (chlorophyll a), and ecosystem respiration (Figs. 2D & 5A,C) . However, other food web and ecosystem variables, such as zooplankton abundance and NPP, were unaffected by re source heterogeneity. The influence of our P resource manipulations may have been weak for some of the food web and ecosystem attributes owing to trophic transfer inefficiency (Borer et al. 2005) . In addition, the length of our experiment may have influenced the ability to detect the effects of P heterogeneity on some response variables. For example, though we observed increases in algal biomass due to P-addition, we did not observe significant changes in total zooplankton abundance. Due to variation in generation times among different taxa, our experiment may not have been long enough to document changes in higher trophic levels (i.e. zooplankton).
Non-additive effects of resource heterogeneity
When multiple, substitutable resources are found in a system, interactions can arise that have synergistic effects on ecological processes. For example, the consumption of a labile resource may facilitate the uptake of a more recalcitrant resource (e.g. 'priming'; Guenet et al. 2010) . Alternatively, the consumption of multiple resources can have antagonistic effects on the performance of an organism (Tilman 1980) . We found no evidence to support the hypothesis that there are non-additive effects of multiple P resources on planktonic communities. One interpretation for this result is that the P resources chosen for this study were ecologically equivalent. However, our community analyses indicate that different microorganisms most likely used P resources in different ways (Fig. 4 , Table 4 ). Furthermore, our results suggest that bacterial communities that assembled under the mixture treatment were a random assortment of the taxa observed under the single resource communities (PERM -ANOVA, p = 0.47). Overall, there was no evidence for non-additive effects that would arise from antagonistic or facilitatory resource interactions.
The biomolecule model of microbial P-acquisition
Using model selection techniques, we were able to make inferences about the mechanisms of P heterogeneity that may have influenced aquatic microbial food webs in our study (Tables 3 & 4) . Based on both compositional and functional changes, our findings best support the biomolecule resource substitutability model (Table 2) , and suggest that microorganisms may use similar mechanisms to access P resources. In our study, the composition and function of communities receiving biomolecule sources of P (PO 4 3− and ATP) were distinct from communities receiving nonbiomolecule sources of P (AEP and PA). These findings are consistent with reports of bacterial community responses to PO 4 3− and ATP treatments in Lake Mendota (Newton & McMahon 2011) .
We propose that due to cellular demands and chemical properties, microbial communities responded similarly to PO 4 3− and ATP treatments. Most microorganisms constitutively express low-affinity PO 4 3− transport systems (van Veen 1997) . Likewise, ATP belongs to a class of molecules (nucleosides) that microorganisms use independently of P-limitation (Davidson & Chen 2004) . In addition, ATP is a valuable source of energy and nutrition because it contains C, N, and P. As such, ATP is rapidly consumed by microorganisms in aquatic environments (AlonsoSáez et al. 2012) . Therefore, it is likely that microorganisms use ATP as a P source just as easily as PO 4 3− , which would explain the similarities in community assembly under these 2 resource treatments.
Our biomolecule model of microbial P-acquisition also proposes that structural and storage molecules are processed differently in aquatic food webs. AEP and PA are more resistant to degradation because specialized enzymes are needed to use them as a P source. For example, enzymes such as hydrolases and lyases are required to cleave the C-P bonds in AEP (Kononova & Nesmeyanova 2002 , VillarrealChiu et al. 2012 , and the enzyme phytase is required to release P from PA (Liu et al. 1998 , Jorquera et al. 2008 ). However, not all organisms possess these specialized enzymes. For example, only 28% of bacterial genomes in the Global Ocean Survey dataset contain genes encoding the ability to cleave C-P bonds (Villarreal-Chiu et al. 2012) . Likewise, phytase has only been found in certain microorganisms, mostly taxa belonging to the Gammaproteobacteria (Jorquera et al. 2008) . Because not all organisms have the functional capabilities to access P bound in structural and storage molecules, it is plausible that these P sources influence microbial community assembly by selecting for a subset of specialized taxa.
Our biomolecule model of microbial P-acquisition, however, does not explain the difference observed between microbial communities in low and high P treatments. If all microorganisms had the capacity to use labile P resources, then we would expect similar microbial communities to assemble in the control, PO 4 3− , and ATP treatments, but this was not what we observed (Fig. 4) . Instead, these particular findings are more consistent with the view that some taxa (i.e. copiotrophs) rapidly respond to nutrient inputs and influence microbial community composition (Koch 2001 , Fierer et al. 2007 ). In addition to explaining compositional differences between low and high P treat-ments, the rapid response of copiotrophic microbes to labile P sources (i.e. PO 4 3− and ATP) may contribute to microbial processes observed in our study.
CONCLUSIONS
P availability plays a critical role in structuring communities and regulating processes in freshwater ecosystems. Comparative approaches have yielded a wealth of predictive models regarding the effects of P on inland water bodies (Peters 1986 , Smith 2003 . For example, concentrations of TP can sometimes explain large amounts of variation for important trophic state variables such as chlorophyll a (Dillon & Rigler 1974) . However, these statistical models are often derived from logarithmically transformed data (see Kalff 2002) and in many cases there is considerable residual variation that cannot be explained by nutrient concentration alone (Leibold 1999) . Aquatic scientists have also used experiments (bottles, mesocosms, and wholelake manipulations) to gain insight into the bottom-up controls of P-limitation on aquatic ecosystems. In almost all cases though, these experiments alter PO 4 3− and overlook the fact that aquatic habitats receive and internally generate diverse forms of P (Cade-Menun 2005). In the present study, we provide some of the first lines of evidence that P resource heterogeneity influences microbial community composition, biogeochemical cycles, and ecosystem processes. However, a number of important issues related to P heterogeneity must still be addressed. First, as a discipline, we need more studies that quantify the pools and fluxes of different P compounds in a diverse set of aquatic habitats. Second, to better understand specialist and generalist strategies, we need a more comprehensive description of how P-acquisition genes are distributed among microbial taxa, including heterotrophs and phototrophs, in all 3 domains of life (Bacteria, Archaea, and Eukaryota). Finally, we need to use biogeochemical, microbiological, and molecular techniques to predict the effects of P heterogeneity at the ecosystem scale. Insight from these efforts will improve our understanding of inland water bodies and will potentially help us to better manage aquatic ecosystem services. 
